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SEISMIC PERFORMANCE EVALUATION  
OF A SUBMARINE GAS PIPELINE 
 
Wolfgang H. Roth  C.B. Crouse Ethan M. Dawson Bei Su   






Analyses were conducted on the seismic performance of a proposed offshore gas flowline, which connects a manifold in 830-m water 
depth to a riser platform in shallow waters of the outer continental shelf.  Climbing a 10-degree continental slope, the flowline will be 
installed on the seafloor underlain by deep carbonate sediments of sands and silty clays.  Two types of analyses were 
performed for a critical segment of the flowline, where it traverses a narrow ridge flanked by two deep submarine canyons: (1) 
probabilistic analyses using simplified empirical methods; and (2) deterministic 2D and 3D analyses with FLAC using a nonlinear, 
effective-stress soil model fully coupled with an empirical pore-pressure generation scheme.  Soil properties were derived from PCPT 
and T-bar data, Bender element tests, and monotonic and cyclic direct simple shear tests.  The analysis results indicated an extremely 
small likelihood of liquefaction along the flowline, with only small deformations predicted to occur for ground motions with a return 






The Pluto offshore gas field is located on the North West Shelf 
of Western Australia, approximately 200 km off the mainland.  
A manifold is installed near the toe of the continental slope in 
830 m water depth, and a flowline transports the gas 
approximately 27 km to a riser platform located on the outer 
continental shelf (~85 m water depth).  Fig. 1 shows the flow 
line climbing up the continental slope of about 10 degrees, 
where it passes through a narrow ridge between two deeply 
incised submarine canyons, C4 and C5.  This paper discusses 
two different analysis approaches of evaluating the seismic 
performance of the flowline traversing this ridge which is 
referred to as the “Choke:” 
 
1. Probabilistic analyses of liquefaction and shaking-induced 
permanent deformations using simplified empirical 
methods; and 
2. Deterministic analyses of seismic slope stability and 
shaking-induced permanent deformations based on 2D 
and 3D nonlinear dynamic modeling with FLAC. 
 
 
Fig. 1. Pluto gas field and flowline. 
“Choke” 
Canyon C5 Canyon C4 




Initial geotechnical investigations along the proposed flowline 
route consisted of relatively shallow Piezo Cone Penetration 
Tests (PCPT), T-Bar tests, large-diameter gravity piston 
samples, and seismic reflection data (EGS 2006).  Subsequent 
additional exploration by Fugro (2008) included the following 
in-situ testing program that focused only on the Choke area: 
 
 DB1A: Alternating sampling and PCPT testing to 100 m 
depth below seafloor. 
 SB1: PCPT testing to 27 m depth below seafloor. 
 SB2: PCPT testing to 12 m depth below seafloor; and Ball 
Penetration Testing (BPT) from 12 m to 27 m  below 
seafloor. 
 SB3: BPT testing to 11.5 m depth below seafloor; and 
PCPT testing from 11.5 m to 26.5 m below seafloor. 
 
Approximate locations of these borings are shown in Fig. 2, 




Fig. 2. Locations of borings and soundings at the Choke. 
 
 
Based on the CPT data from DB1A and previously obtained 
seismic reflection data (EGS 2006), three basic stratigraphic 
units were identified at the Choke location.  These units are 





Static and dynamic laboratory testing of soil samples from the 
initial exploration program was performed by various parties 
including Golder, Fugro, and The University of Western 
Australia.  The samples from subsequent explorations were 





Table 1. Soil & Bedrock Units 
   
Unit Depth Below Seabed  Description 
C1 0 to 40 m  Carbonate sandy silt, soft to firm 
C2 40 to 70 m Carbonate sandy silt, firm to hard 
C3 70 to ~200 m  Carbonate silty clay, stiff to very stiff 










Effective Shear Strength. Based on monotonic and cyclic 
shear test data, an effective-stress friction angle of 34 degrees 
was estimated for Units C1 and C2, with nominal cohesion of 
5 kPa.  These tests also suggested that the C1 material is 
weakly cemented, with a shear stress of about 25% of 
effective overburden required to break the cementation. A 
cohesion value of 200 kPa was assumed for Unit C3. 
 
Shear Modulus. Gmax values from Bender-element tests are 
plotted in Fig. 4 alongside a profile of PCPT net tip resistance 
from Boring DB1A (Fugro 2008).  The shaded region shows 
the range of shear moduli suggested by NGI (2008).  For our 
analyses, a baseline shear modulus profile was defined as 
linearly increasing to a depth of 40 m, with a constant 
modulus of Gmax = 100 MPa for deeper soils.  Upper-bound 
and lower-bound shear modulus profiles also were defined as 
shown in the figure.  The upper bound was designed to reflect 
the higher tip resistance measured for the stiff layer between 
40 m and 70 m depth, which, somewhat unexpectedly, was not 
reflected in the Bender-element test results.  The lower bound 
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Fig. 4. Shear-modulus and CPT data. 
 
 
Cyclic-Shear Strength. Cyclic Direct Simple Shear (CDSS) 
test results for the C1 layer are shown in Figure 5.  Data 
include test results from both the initial and subsequent 
investigations.  Some cyclic-shear tests were performed on 
samples after applying static shear stresses equal to 0.15 times 
the effective vertical stress.  The results from these tests 
suggest that the cyclic strength is not strongly affected by 
static-shear bias.  The failure criterion used for CDSS test 
results was 10% single-amplitude shear strain or 100% PP 
ratio.  The full line in Fig. 5 is the best-estimate cyclic-
strength used for dynamic analyses of the Choke slopes.  
However, since CDSS testing was performed on samples 9 m 
and deeper, separate cyclic-strength curves were developed for 
shallower soils as discussed below.  
 
For soils in the upper 5m, cyclic strength was estimated using 
a ratio of CR15/Su derived from deeper soils; where CR15 is the 
cyclic resistance at 15 cycles and Su is the undrained shear 
strength (Boulanger & Idriss 2006). In Fig. 6 both CR15 and Su 
obtained from CDSS and DSS testing of samples from 
Borings SG5 and DB1A are plotted together with Su values 
derived from PCPT tip resistance (Lunne, et al. 1997) 
measured in DB1A. For soils deeper than 5 m, a ratio of 
CR15/Su=0.6 was estimated from average trends of CR15 (full 













A summary of Su values based on PCPT data from all shallow 




Fig. 5. Cyclic-strength curves. 
 
 
Table 2. Undrained Shear Strength based on PCPT Data from 




Average Su (kPa) based on PCPT tip resistance 
SB1 SB2 FL17 FL18 FL19 FL20 DB1A 
0 - 2.5 5.6 5.5 17.5 12.2 10.2 5.3(1) 16.0 
2.5 - 5 13.5 13.3 42.0 29.0 25.0 13.0(1) 38.0 
(1) lower-bound values 
 
The cyclic resistance, CR15, for the shallow soils was obtained 
by applying the ratio of CR15/Su=0.6 to the lower-bound 
average values of Su=5.3 kPa and Su=13.0 kPa for soils at 
depth intervals of 0-2.5 m and 2.5-5 m, respectively; the 
resulting CR15 values are 3.2 kPa and 7.8 kPa respectively.  
 
Normalizing CR15 by average vertical effective stress resulted 
in cyclic strength ratios of CSR15=0.42 and CSR15=0.34 for 
soils 0–2.5m and 2.5–5m deep, respectively.  These values are 
higher than the best-estimate CSR15=0.28 obtained from 
CDSS testing of the deeper soils.  The corresponding cyclic-
strength curves are shown in Fig. 5.  
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Fig. 6. Relationship of undrained strength, Su, to cyclic 
resistance, CR15. 
 
Post-Cyclic Residual Strength.  Results obtained from post-
cyclic, monotonic DSS tests are plotted in Figure 7. These test 
results suggest that a post-cyclic residual strength of 10% of 
vertical effective stress could serve as a baseline estimate, 




Fig. 7. Residual  strength from post-shaking DSS tests. 
 
A summary of soil properties used for the seismic stability 
analyses is provided in Table 3. 
 











































C2 40-70 100 34 5 2.8*D(1)  
C3 70-200 100 0 200 - - 





The seismic hazard at the site was characterized in terms of 
500-year, 3,000-year, and 10,000-year response spectra 
computed using a regional seismic source model.  Applying 
the stiff-soil versions of bedrock attenuation equations, the 
response spectra shown in Fig. 8 were obtained from 
probabilistic seismic hazard analysis (PSHA).  Time histories 
were then developed by (1) selecting accelerograms from 
representative earthquakes; and (2) modifying them to match 
the 3,000-year response spectrum within approximately 
+/- 10%.  
 
Accelerograms were obtained for magnitude 6.2–6.7 
earthquakes, which had the greatest contribution to the 3,000-
year ground motion.  Modifications were made in the time 
domain using a method originally developed by Abrahamson 
(1992) and updated by Hancock et al. (2006).  The modified 
acceleration history derived from the fault-parallel (FP) 
component of the Array #12 record of the 1979 Imperial 
Valley earthquake is shown in Fig. 9.  Time histories for 
5,000-year and 10,000-year motions were computed by 
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Probabilities of earthquake-induced liquefaction and 
permanent ground deformation (PGD) were computed with 
the same seismic-source and attenuation models that produced 
the response spectra at the selected return periods.  
 
 
Fig. 9. Modified FP component of Array #12 record, 1979 
Imperial Valley earthquake. 
 
Probability of Liquefaction  
 
Liquefaction probabilities were computed based on a modified 
version of the Crouse et al. (1997) approach and on the cyclic-
strength curves (CSR vs. N) shown in Fig. 5, which were also 
used for the FLAC analyses discussed later in this paper.  To 
this end, CSR values were converted to Peak Ground 
Acceleration (PGA), and N to earthquake magnitude.  Given 
the limited test data, the dimensionless CSR values were 
assumed to be equal to PGA/g; and N values were converted 
to moment magnitudes (M) using the relationship developed 
by Idriss (2001).  Next, 50-year probabilities (P50-yr) of 
exceeding the PGA values for five magnitude intervals were 
computed with the PSHA model for the stiff-soil site 
condition.  The results are provided in Table 3, which also lists 
the average return periods in years, Tr = -50 / (ln (1-P50-yr), for 
the occurrence of liquefaction.  
  
Table 3.  Probabilities & Return Periods of Liquefaction 
 
CSR vs. N  Curve  (Fig.5) P50-yr Tr - years 
depth    0 – 2.5 m 0.001509 33,000 
depth    2.5 – 5 m 0.002557 20,000 
depth     > 5 m 0.004069 12,000 
 
 
Probability of Permanent Ground Deformation (PGD) 
 
The same seismic source model and PSHA code also were 
used for computing the PGD probability.  To this end, the 
equation relating PGD to moment magnitude, M; distance to 
fault rupture, R; and the geologic variables (Bartlett and Youd 
1995), was substituted for the three ground-motion attenuation 
equations of the PSHA code.  The following geologic 




 T15  =15m (cumulative thickness of saturated cohesionless 
sediments with N1,60 ≤ 15);  
 F15  =50% (average % fines content of sediments in the 
T15 layer); 
 D5015 =0.075 mm (mean grain size of sediments in the 
T15 layer); 
 Wff  =17% (slope of a line drawn from the flowline to a 
point on the steep submarine-canyon slope 15 m from the 
crest); and  
 Sgs  =18% (longitudinal slope of the flowline at the 
Choke). 
 
Probabilities of exceeding given values of PGD during a 50-
year period, and associated average return periods, are 
presented in Table 4.  Note that these deformations are 
predicted to occur at the location of the proposed flowline; i.e. 
in the center of the narrow ridge.  
 
Table 4. Probabilities & Return Periods of PGD 
 
PGD - m 
Choke - transverse 
Choke - 
longitudinal 
P50-yr Tr - yrs P50-yr Tr - yrs 
0.01 0.045531 1,000 0.080460 600 
0.02 0.025389 2,000 0.045871 1,000 
0.04 0.014152 3,500 0.025583 2,000 
0.08 0.008229 6,000 0.014257 3,500 
0.16 0.005166 10,000 0.008283 6,000 
0.32   0.003114 16,000 0.005196 10,000 
 
Based on these results, it was concluded that the probability of 
significant PGD in the Choke area is very low.  The average 
return period for PGD of 0.32 m (~1 foot) to occur in either 
the transverse or longitudinal direction to the flowline is on 







Method of Analysis 
 
Deterministic analyses of seismic stability and shaking-
induced PGD were performed with 2D and 3D versions of the 
explicit finite-difference program FLAC (Itasca 2005).  FLAC 
has been widely used in geotechnical and mining engineering 
practice for more than two decades and has been thoroughly 
verified against closed-form solutions, physical models, and 
case histories in the field.  The program has many built-in 
constitutive models for rock and soil, but also allows users to 
write their own.   
 
For this study, a linear elastic-perfectly plastic Mohr-Coulomb 
model was used, which is fully coupled with an empirical 
pore-pressure generation scheme (Dawson et al. 2001).  Pore 
pressures are updated every half shear-stress cycle, with an 
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incremental version of the cyclic-stress approach developed by 
Seed and co-workers (Seed et al. 1976 and Seed 1979).  As 
effective stresses decrease with increasing pore water 
pressure, the soil begins to yield and increments of permanent 
deformation are accumulated during shaking.  This analysis 
approach has been verified by analyzing well-documented 
seismic-performance case histories of dams (Roth et al. 1993) 
and with Type-A predictions of centrifuge shaking tests as part 





Model Setup.  Initial analyses were conducted with a model 
encompassing 240 m of soil units (C1, C2, C3) overlaying 120 
m of calcarenite, as shown in the top half of Fig. 3.  Pre-
shaking, in-situ stresses were computed in two stages: (1) 
turning on gravity while applying external pressure to canyon 
slopes to achieve level-ground conditions; and (2) 
incrementally removing external pressure simulating the 
geologic process of canyon erosion.   
 
For the seismic analyses, rock-acceleration time histories were 
applied at the base of the model through a non-reflective 
boundary, with free field boundaries at the sides of the model.  
In order to shorten computer-run times, the large model 
described above was later reduced to only include the crest 
portion of the Choke (Fig. 3 - bottom half).  For this model, 
the mesh of which is shown in Fig. 10, stiff-soil acceleration 
time histories were applied, since its bottom boundary lies 
within the C3 unit of silty clay. 
 
 
Fig. 10. Two-dimensional model of Choke crest. 
 
Sensitivity Analyses. Considering the relatively large range of 
possible shear-modulus (G) profiles (Fig. 4), sensitivity 
analyses were performed to evaluate the effect of this 
parameter on the results.  These analyses were run with the 
5,000-year 1979 Imperial Valley time history. 
 
Contours of shaking-induced excess pore pressure (PP) ratios 
are shown in Figure 11.  The highest PP was computed for the 
baseline G profile.  This could be due to the sharp modulus 
contrasts in the upper- and lower-bound G profiles, which may 
have reflected some of the seismic input downward. 
 
Figure 12 shows profiles of computed horizontal and vertical 
displacements (settlement) on the crest of the Choke.  The 




which is consistent with the higher PP ratios computed for this 
case.  Based on the results above, all subsequent analyses were 













Three-dimensional seismic stability analyses of the Choke 
were performed to further delineate the buffer zone required 
on either side of the flowline bundle.  These 3D analyses 
allowed for incorporation of the wider, more stable sections of 
the Choke on either side of the narrowest constriction.  The 
3D nonlinear dynamic analyses were performed with 
FLAC3D, using the same technical approach and pore-
pressure generation model as the 2D analyses described above.  
 
Model Setup.  In order to simplify mesh generation and to aid 
in parametric studies, the Choke geometry was idealized, with  
 
the two canyon slopes being represented by sections of 
inverted cones.  The 3D mesh encompasses the same 90-m 
deep crest region as the 2D model above.  The model stretches 
between the two vertical boundary planes marked as Lines 1 
and 2 in Fig. 13, which are perpendicular to the gas flowline.  
The assumption is that the 3D model is symmetric about the 
previously analyzed section (Line 2).  Element columns are 
projected perpendicularly to the flowline axis to intersect the 
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Fig. 13. Simplified geometry for 3D Choke model. 
 
the flowline; and both of the vertical boundary planes are 
fixed in the direction of the flowline, but are free to move 
transversely.  The numerical mesh shown in Fig. 14 has 
roughly 90,000 nodes and 80,000 elements.   
 
 
Fig. 14. Choke 3D model mesh. 
 
Analysis Results.  Analyses were performed for 3,000-, and 
5,000-year levels of shaking; for each level five acceleration 
histories were separately input to the model.  However, due to 
space considerations, only the results from the 5,000-year 
1979 Imperial Valley ground motion are presented in this 
paper.  Contours of computed PP ratios are presented in Fig. 
15.  The birds-eye view in the upper half of this figure shows 
PP-ratio contours for the surface elements of the model.  This 
plot indicates large areas of shallow liquefaction occurring 
along the slopes of the Micro Canyon and Canyon C4. 
 
  
Fig. 15. Contours of PP ratio – Choke crest (3D).  
 
 
Even though the steep submarine-canyon slopes are likely to 
experience shallow sloughing in the 5,000-year seismic event, 
the crest of the Choke, where the flowline will be installed, is 
expected to perform rather well.  As shown in the upper and 
lower halves of Fig. 15, PP ratios in this area at the surface 
and at depth, respectively, remain extremely low.  They are 
generally even lower than was computed in the 2D analysis 
(Figure 11) – i.e., maximum PP ratios of 0.3 in 3D vs. 0.5 in 
2D.  
 
Shaking-induced permanent displacements at the surface of 
the Choke crest are plotted in Figs. 16 and 17 along transverse 
and longitudinal profiles, respectively.  Vertical (settlements) 
and lateral displacements are less than 0.1 m up to a distance 
of 75 m measured from the flowline towards Canyon C5; both 
increase to approximately 0.2 m towards the edge of Canyon 












the flowline, towards the Micro Canyon.  Transverse profiles 
of settlements and horizontal displacements at the narrowest 
point of the Choke (Lines marked “0” in Fig. 16) are similar to 
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CONCLUSIONS 
 
Probabilistic and deterministic analyses were performed for a 
proposed submarine flowline serving the Pluto offshore gas field in 
Western Australia.  Analysis results indicated that a critical 
segment of the flowline traversing a narrow ridge flanked by deep 
submarine canyons is seismically stable.  Probabilistic analyses 
indicated that the likelihood of liquefaction or large shaking-
induced deformations along this segment (referred to as the 
“Choke”) of the flowline is extremely small, with return periods of 
10,000 years and greater.  
 
Findings from the probabilistic analyses concerning liquefaction 
were collaborated by the results of deterministic 2D and 3D 
nonlinear FLAC analyses for a 5,000-year seismic event.  
Maximum shaking-induced pore-pressure ratios in the soils 
underlying the Choke crest were computed to be about 50% in the 
2D model and only 30% in the 3D model.  
 
With respect to shaking-induced permanent ground deformations 
(PGD), the results of this study indicate that PGD predictions from 
simplified probabilistic analyses tend to be overly conservative. 
Probabilistic PGD’s at the location of the flowline were estimated 
to be 0.08 and 0.16 m for return periods of 3,500 and 6,000 years. 
For the same location, PGD’s computed with deterministic 2D and 
3D FLAC analyses for a 5,000-year event were essentially zero; 
and PGD’s were less than 0.1 m throughout a 175-m wide zone at 
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